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The recently reported positron fraction up to ∼ 350 GeV by AMS-02 seems to have tension with
the total electron/positron spectra detected by Fermi and HESS, for either pulsar or dark matter
annihilation/decay scenario as the primary positron sources. In this work we will show that the
tension will be removed by an adjustment of the primary electron spectrum. If the primary electron
spectrum becomes harder above ∼ 50 GeV, similar as the cosmic ray nuclei spectrum, the AMS-
02 positron fraction and Fermi/HESS data can be well fitted by both the pulsar and dark matter
models. This result may be suggestive of a common origin of the cosmic ray nuclei and the primary
electrons. Furthermore, this study also implies that the properties of the extra sources derived from
the fitting to the AMS-02 data should depend on the form of background.
PACS numbers: 96.50.S-
I. INTRODUCTION
The AMS-02 collaboration reported the very precise
measurement of the positron fraction e+/e± with ener-
gies up to 350 GeV recently [1]. The positron fraction
shows a continous increase up to ∼ 100 GeV, which is
consistent with the previous PAMELA result [2, 3] and is
lower than that measured with Fermi-LAT [4]. A flatten-
ing of the positron fraction above ∼ 100 GeV is revealed
by the AMS-02 data, for the first time. The AMS-02 data
implies that there is excess of positrons above tens of
GeV compared with the standard cosmic ray (CR) back-
ground, and the amount of excess positrons should be
less than previously estimated according to the PAMELA
data.
Several works appears to explain the AMS-02 data
with pulsars [5] or dark matter (DM) scenarios [6–8]. A
thorough study of the properties of the extra positron
sources, including the astrophysical one like pulsars and
the dark matter (DM) scenario, based on the AMS-
02 data and the electron (or e±) spectra measured by
PAMELA [9], Fermi-LAT [10, 11] and HESS [12, 13], was
given shortly after the publication of the AMS-02 data
[14] (Paper I). It was found that there was difficulty to
fit the AMS-02 positron data and the Fermi-LAT/HESS
total electron spectra simultaneously, either in the pul-
sar scenario or in the DM scenario. The results seem to
imply that there might be tension between the AMS-02
data and the Fermi-LAT/HESS data, in the present the-
oretical framework. This conclusion has been confirmed
by other studies1 [16, 17]. One possible reason leading
1 Also the preliminary data about the total e± spectra by AMS-02
show the discrepancy with Fermi-LAT data below ∼ 100 GeV.
For E & 100 GeV the difference between these two data sets are
to the tension is the constraint on the electron injection
parameters by the pure electron spectrum by PAMELA.
If the PAMELA data are not included, the primary elec-
tron spectrum has larger free space and the AMS-02 data
and Fermi data can be easier to be fitted simultaneously,
as shown in some recent works to explain the AMS-02
result [5–8].
Several possibilities to reconcile these two data sets
were discussed in Paper I, including multiple components
of the extra sources and the existence of spectral hard-
ening of the primary electron spectrum. The idea to in-
troduce a spectrum hardening of primary electrons to fit
the data was also raised in [16, 18]. The spectrum hard-
ening was stimulated by the observed spectral hardening
of the nuclei spectra in recent years by several collabo-
rations2 [19–21]. A unified spectral hardening at rigidity
R ∼ 200 GV (or Ek ∼ 200 GeV/n) was measured pre-
cisely by PAMELA or CREAM [20, 21]. If there is a
spectral hardening of the CR nuclei spectra, it is natu-
ral to expect a similar hardening of the primary electron
spectrum.
Models to explain the spectral hardening include the
multi-component sources [22–26], non-linear acceleration
of the particles [27], or the propagation effect [28, 29]. In
smaller [15]. The discussion of the present work may hold given
the new AMS-02 e± spectra, since we study to reconcile the high
energy behavior of Fermi-LAT data with the AMS-02 positron
fraction.
2 Note, however, the recent reported preliminary data about the
proton and Helium spectra show no significant hardening as ob-
served by PAMELA [15]. Whether or not the heavier nuclei
have the hardening still needs to be tested by the future AMS-
02 data. Since the present work is based on the electron and
positron data, the AMS-02 results about the nuclei spectra have
only a slight modification of the secondary positron spectrum
and do not affect the discusion significantly.
2[18] the authors pointed out that if there was a spectral
hardening of the primary electron spectrum, there would
be a less steep increase (or decrease) of the positron frac-
tion above ∼ 200 GeV.
In the work we investigate in detail whether to in-
volve such a spectral hardening of the primary elec-
tron spectrum can help eliminate the tension between
the AMS-02 data and the Fermi-LAT/HESS data. We
employ the CosRayMC tool developed in [30] to fit the
observational data within the high dimensional param-
eter space. The GALPROP package3 [31] to calculate
the propagation of the charged CRs has been embed-
ded in the Markov Chain Monte Carlo (MCMC) algo-
rithm, which is well known to be efficient for the survey of
high-dimensional correlated parameter space [32], in Cos-
RayMC. The diffusion-reacceleration propagation frame
is adopted, and the major propagation parameters are
D0|R0=4GV = 5.94× 10
28 cm2 s−1, δ = 0.377, vA = 36.4
km s−1 and zh = 4.04 kpc [33]. The goodness of fit,
constraints and implication of the model parameters are
discussed.
In the next Section we simply describe the models to
fit the data. The results are presented in Sec. III. In Sec.
IV we give the discussions and conclusions.
II. MODEL
In this section we describe the major aspects of the the-
oretical models to reproduce the electron/positron data
briefly. The injection spectra of the primary protons
(heavier nuclei are less important in this study) and elec-
trons are both assumed to be broken power-law functions
with respect to momentum p
q(p) ∝


(p/pp,ebr,1)
−γ0 , p < pp,ebr,1
(p/pp,ebr,1)
−γ1 , pp,ebr,1 < p < p
p,e
br,2
(p/pp,ebr,2)
−γ2(pp,ebr,2/p
p,e
br,1)
−γ1 , p > pp,ebr,2
(1)
where pbr,1 represents the low energy break, pbr,2 is the
high energy break to be responsible for the spectral hard-
ening, γ0, γ1 and γ2 are the spectral indices in different
momentum ranges. We also employ the log-parabolic
function to describe the spectral hardening of the elec-
trons, i.e., q(p) ∝ (p/pebr,1)
−γ1+γ2 log(p/MeV) for p > pebr,1.
In this case pebr,2 is not used. The absolute fluxes of pro-
tons and electrons are determined through normalizing
the propagated fluxes to normalization factors Ap and
Ae.
The background positrons are expected to be produced
through the collision of CR nuclei with the interstellar
medium (ISM) during the propagation. The parameteri-
zation of pp collision in [34] is employed to calculate the
secondary production of positrons and electrons. Similar
3 http://galprop.stanford.edu/
as done in Paper I, we further introduce a free factor ce+
to adjust the absolute fluxes of the secondary positrons
and electrons to fit the data. Such a factor may repre-
sent the uncertainties of the hadronic interactions, prop-
agation models, the ISM density distributions, and the
nuclear enhancement factor from heavy elements.
In the PAMELA era it was found that the background
contribution are not enough to explain the observed
positron fraction and total e± data [35, 36]. Therefore
the extra sources of e± beyond the traditional CR back-
ground are introduced to explain the data. We will base
on the same theoretical framework to fit the AMS-02 data
in the work, assuming continuously distributed pulsars or
the DM annihilation/decay to be the extra sources of e±.
The injection spectrum of e± from pulsars is assumed
to be power-law with an exponential cutoff
q(p) = Apsrp
−α exp(−p/pc), (2)
where Apsr is the normalization factor, α is the spectral
index and pc is the cutoff momentum. The spectral index
α is limited in the range 1.4 to 2.2 according to the γ-ray
observations of pulsars [37]. The spatial distribution of
pulsars is taken to be the cylindrically symmetric form
given in [38]
f(R, z) ∝
(
R
R⊙
)2.35
exp
[
−
5.56(R−R⊙)
R⊙
]
exp
(
−
|z|
zs
)
,
(3)
where R⊙ = 8.5 kpc is the distance of the solar location
to the Galactic center, zs ≈ 0.2 kpc is the characteristic
height of the Galactic disk.
As for DM scenario (taking annihilation as illus-
tration), we focus on the leptonic two-body annihila-
tion channels µ+µ− and τ+τ−, as implied according
to the PAMELA and Fermi-LAT/HESS data of the
electrons/positrons and the antiprotons [39–41]. The
positron/electron production function from DM annihi-
lation is (assumed to be Majorana particles)
q(r, p) =
〈σv〉
2m2χ
dN
dp
× ρ2(r), (4)
where mχ is the mass of DM particle, 〈σv〉 is the velocity
weighted annihilation cross section, dN/dp is the yield
spectrum for one annihilation of a pair of DM particles,
and ρ(r) is the DM density profile. The spatial profile of
DM energy density is taken to be Navarro-Frenk-White
(NFW, [42]) distribution
ρ(r) =
ρs
(r/rs)(1 + r/rs)2
, (5)
with parameters rs = 20 kpc and ρs = 0.26 GeV cm
−3.
For low energy particles we further employ a simple
force field approximation to take into account the so-
lar modulation effect [43]. Since the operation period of
PAMELA and AMS-02 is close to the solar minimum,
the modulation potential is required to be smaller than 1
3GV. Note, however, the low energy part of the positron
fraction measured by PAMELA and AMS-02 might not
be reproduced with such single solar modulation model,
and more complicated charge-sign dependent modulation
effect is necessary [44, 45].
III. RESULTS
We first determine the parameters of the proton in-
jection spectrum through fitting to the PAMELA [20]
and CREAM [21] data. For CREAM data we include
10% systematic uncertainties as discussed in [21]. The
high energy break ppbr,2 is fixed to be 230 GeV as sug-
gested by the PAMELA data. The best fitting parame-
ters of the proton spectrum are: γ0 = 1.80, γ1 = 2.42,
γ2 = 2.33, p
p
br,1 = 12.3 GeV, and solar modulation po-
tential φ = 495 MV. The normalization of the prop-
agated proton flux at 100 GeV is Ap = 4.55 × 10
−9
cm−2s−1sr−1MeV−1. Comparison of the best fitting
spectrum of protons with the observational data is shown
in Fig. 1. We see very good agreement between the cal-
culated spectrum and the data. The minimum χ2 value
is about 24 for 72 degree of freedom (dof).
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FIG. 1: Proton spectrum derived through fitting PAMELA
and CREAM data. References of the proton data: AMS [46],
BESS [47], ATIC2 [19], PAMELA [20] and CREAM [21].
Since the observational period of protons by PAMELA
is almost the same with that of electrons by PAMELA
and positrons by AMS-02, we should expect a common
modulation amplitude for these particles (besides the
charge-sign dependent effect). Therefore we employ a
prior on the modulation potential φ = 500±53MV comes
from the fit of the proton data.
We first fix the electron second break energy pebr,2 at
230 GeV, same as that of protons. The best fitting results
of the positron fraction and electron spectrum are shown
in Fig. 2. The fitting parameters and the χ2 value are
presented in Table I. Compared with the case without
spectral hardening of the primary electrons (Paper I),
the fitting is indeed improved. The χ2 value decrease
from ∼ 280 to 235 with one more parameter. However,
the overall fitting is still not satisfactory. We can see from
Fig. 2 that when AMS-02 data are well reproduced, the
model expectation is lower than the Fermi data, which is
similar with the findings in Paper I.
We then relax the break momentum of the electrons
and redo the fit. In this case we find the improvement is
significantly, as shown in Fig. 3. The parameters are also
given in Table I. The minimum χ2 value over dof is about
1.0, which implies a rather good fitting. However, the
break momentum pebr,2 is required to be about 45 GeV,
which is significantly smaller than that of the nuclei. The
difference of the spectral indices below and above pebr,2
is about 0.3. As a comparison, such a value is measured
to be ∼ 0.2 for protons and ∼ 0.3 for Helium [20]. Note,
for the fit of proton spectrum in a wider energy range,
as shown in Fig. 1, the spectral difference is only about
0.1.
It is also possible that the spectral hardening is not
a break but a smooth hardening instead, as shown in
many models [23, 27]. We may use a log-parabolic func-
tion to approximate the smooth hardening of the electron
spectrum. Fig. 4 presents the results of the fit with log-
parabolic shape of the primary electron spectrum. We
find the fit is also improved, with the minimum χ2 value
slightly larger than that with pebr,2 free. The fitting pa-
rameters are given in Table I.
From above we see that including a spectral hardening
of the primary electron spectrum, both the PAMELA,
AMS-02 and Fermi data can be well fitted with a single
component of the extra sources. It is a natural expec-
tation that there is a hardening in the primary electron
spectrum, given the observed hardening of the CR nu-
clei. However, the position of the break might be dif-
ferent from that of nuclei. It is a problem needs to be
further understood theoretically. If the hardening of the
primary electron spectrum can be confirmed, it would
be important to understand the origin and acceleration
of the Galactic CRs. Since AMS-02 could measure the
pure electron spectrum with much higher precision that
PAMELA, we give the expected pure electron spectra in
Fig. 5 for the above three cases of the hardening. The
future AMS-02 data may test the existence and detailed
shape of the primary electron spectrum.
Finally we discuss the DM annihilation as the sources
of the e±. The annihilation final states are assumed to
be µ+µ− and τ+τ−. The primary electron spectrum is
parameterized with Eq. (1), and pebr,2 is allowed to be free
in the fit. The fitting results are shown in Figs. 6 and 7,
for µ+µ− and τ+τ− final states respectively. The fitting
parameters are compiled in Table II. It is shown that
the DM models can give comparable fittings to the data
compared with pulsars. The break momentum of the
primary electrons, pebr,2 is also similar with that derived
in the pulsar scenario, and is smaller than ppbr,2 ≈ 230
GeV.
The 1σ and 2σ favored regions on the mχ − 〈σv〉 pa-
rameter plane are given in Fig. 8. For µ+µ− channel DM
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FIG. 2: The positron fraction (left) and electron spectra (right) for the background together with a pulsar-like component of
the exotic e±. The high energy hardening of the primary electron spectrum is approximated with a broken power-law and the
break momentum pebr,2 is fixed to be ∼ 230 GeV. References of the data: positron fraction — AMS01 [48], HEAT94+95 [49],
HEAT00 [50], PAMELA [2], AMS-02 [1]; electron — PAMELA [9], ATIC [51], HESS [12, 13], Fermi-LAT [10].
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FIG. 3: Same as Fig. 2 but the high energy break of the electrons is relaxed in the fit.
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FIG. 4: Same as Fig. 3 but for a log-parabolic approximation of the spectral hardening of the primary electron spectrum.
with mass 0.8−1.5 TeV is favored, while for τ+τ− channel
the mass is obtained to be 2−4 TeV. The boost factor of
the annihilation cross section compared with the natural
value to give the proper relic density is about hundred to
thousand. Such results do not differ much from the ones
obtained through fitting the PAMELA positron fraction
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FIG. 5: Expected total fluxes of the pure electrons for the
three fits corresponding to Figs. 2 - 4.
and the Fermi/HESS e± data [41].
The exclusion limits on the DM annihilation into µ+µ−
and τ+τ− pairs by γ-rays from the Galactic center (thin
lines, [52]) and the dwarf galaxies (thick lines, [53]) are
also plotted in Fig. 8. The results show that for the
τ+τ− channel the Fermi γ-rays always give very strong
constraints on the annihilation cross section. The con-
straints for the µ+µ− channel is weaker. The Galactic
center γ-rays tend to exclude the parameter space to ex-
plain the e± excesses. However it may suffer from the
uncertainties of the density profile of DM in the halo
center. The more robust limits from the dwarf galaxies
can not exclude the favored parameter region.
IV. CONCLUSION AND DISCUSSION
The study of the highly precise data of positron frac-
tion in CRs reported by AMS-02, as well as the pure
electron spectrum measured by PAMELA and the total
e± spectra measured by Fermi and HESS, shows that it
is difficult to use a single component of the extra sources
to explain the e± excesses (Paper I, [14]). In this work
we show that an additional break of the primary elec-
tron spectrum can improve the fit significantly. The best
fitting break momentum is about 40 − 50 GeV and the
spectral difference γ2−γ1 is ∼ 0.3−0.4. As a comparison,
the break momentum of protons is about 230 GeV, and
the spectral difference is ∼ 0.1. The hardening behavior
of the electron spectrum is different from that of nuclei,
which makes the understanding of the fine structures of
the CR spectra non-trivial.
The different behaviors of the spectral hardening be-
tween nuclei and electrons are probably due to the fact
that high energy electrons should come from nearby re-
gions, and less number of relevant sources leads to larger
fluctuations of the electron spectrum than that of nuclei.
It is also possible that, if one or several nearby sources
are responsible to the spectral hardening, the accelerated
electron-to-proton ratio is higher for these sources.
In the presence of a hardening of the primary electron
spectrum, both the pulsar and DM scenarios can give
comparable fit to the data. However, the DM scenario
are strongly constrained by the γ-rays, especially for the
tauon final state. We would like to point out that it
will be equivalent to take the harder part of the electron
spectrum and to drop the constraints from the PAMELA
electron data. In such ways both the AMS-02 positron
fraction and Fermi total e± spectrum can be fitted simul-
taneously.
The AMS-02 will measure the electron spectrum with
high precision in the near future. Whether there is a
hardening in the electron spectrum or a lower e± total
spectrum than Fermi will soon be answered by AMS-02.
Appendix A: Results of the background positrons
and electrons
For the convenience of use we tabulate the fluxes of the
background positrons and electrons calculated with the
best fitting parameters of the pulsar models in Table III.
For DM models the results have little difference. Note for
background positrons an additional factor ce+ as given in
Table I needs to be multiplied. Here the local interstellar
fluxes are given. If one wants to better reproduce the
low energy electron spectrum, the solar modulation with
modulation potential given in Table I is necessary.
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